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Abstract 
This paper will present the results from four series of Fragment Impact (FI) tests on the TOW 2B warhead utilizing multiple 
Particle Impact Mitigation Sleeve (PIMS) configurations.  Previously it has been demonstrated that the addition of a plastic, 
typically ULTEM® 1000, PIMS reduces the sensitivity of a munition to the FI threat.  The mechanism by which the sensitivity is 
reduced is the reflection of the shockwave at the interface between the PIMS and the munition case material.  The munitions to 
which this protection scheme has been applied previously use PBXN-9 as the main fill explosive and are therefore easier to 
protect using a single component PIMS than TOW 2B, which uses LX-14 as the main fill.  LX-14 is a more sensitive explosive 
than PBXN-9, and requires additional material in the shotline to reduce the shock pressure in the explosive via reduction of 
velocity, breakup of the incoming fragment, and shock reflection at the interface between the case and the PIMS.  The test results 
demonstrate that TOW 2B can be protected using a plastic PIMS in combination with a second layer of hard material spaced 
from the munition to break the fragment and slow it down prior to impact with the PIMS. 
© 2015 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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1. Introduction 
The Aviation & Missile Research, Development and Engineering Center (AMRDEC) and the Armament 
Research, Development and Engineering Center (ARDEC) have collaborated to improve the Insensitive Munition 
(IM) response of the TOW 2B missile system under the Anti-Armor Warhead Integration and Demonstration 
program funded through the Joint Insensitive Munition Technical Program (JIMTP).  The program’s objectives were 
to address the deficiencies of the TOW 2B warhead with respect to the current IM requirements laid out in MIL-
STD-2105D including:  Slow Cook Off (SCO), Fast Cook Off (FCO), Bullet Impact (BI), Fragment Impact (FI), 
Shaped Charge Jet (SCJ) and Sympathetic Reaction (SR).  The TOW2B missile contains two Explosively Formed 
Penetrators (EFP) designed to fire down through the thin upper deck armor of a target vehicle. Each EFP engages 
the armor using a tantalum liner propelled by LX-14 explosive.  This paper will focus on the design for mitigating 
the FI response of the TOW 2B Warhead Section Assembly (WSA) and relevant testing methods.  
The mechanism used to decrease the FI response was a Particle Impact Mitigation Sleeve (PIMS), which have 
been demonstrated in the past to successfully reduce the response from a detonation to a deflagration or burning 
reaction [1].  The material used is usually a plastic, typically ULTEM® 1000, which creates an impedance mismatch 
between the PIMS and the metal warhead case, typically steel.  This boundary partially reflects the shockwave 
reducing the overall pressure and impulse transferred into the explosive.  Previous PIMS demonstrations have 
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utilized less sensitive explosives than the LX-14 found in the TOW 2B warhead.  This higher sensitivity proved to 
make it more difficult to achieve a low order reaction with plastics alone, which is why the use of composites as 
PIMS was investigated.  In addition to PIMS, a high hardness steel applique integrated with the Missile Launch 
Container (MLC) was explored to fracture the fragment, reduce its velocity and decrease the overall shock impulse.  
The combination of PIMS and applique to reduce the FI response minimizes the weight increase to the missile and 
displaces it to the MLC.  
2. Approach 
The requirement specified in MIL-STD-2105D stipulates a munition must achieve a Type V burning reaction to 
obtain a pass for the FI IM test defined by the NATO Standardized Agreement (STANAG) 4496.  The standardized 
fragment for this test is defined as a conical ended right circular cylinder with a diameter of 14.3mm, a mass of 
18.6g and made of mild carbon steel with a Brinell Hardness (HB) less than 270.  The fragment and sabot are 
depicted in Figure 1.(a). 
All tests were conducted using a 40mm powder gun capable of propelling the fragment to the required 2530 +/-
90m/s.  Figure 1.(b) depicts the gun, protection barrier, sabot stripper plate and target test stand.  
 
(a) (b) 
 
Fig. 1.  (a) NATO standard fragment and four petal sabot.  (b) 40mm powder gun, protection shield, sabot stripper plate and target test stand 
 
The test articles were simplified consisting of a single EFP, tactical fuselage section and a tactical MLC section.  
The length of the fuselage and MLC sections were approximately 175mm, just covering the warhead width.  This 
was the baseline configuration for all ensuing PIMS and applique experiments.  Test articles were placed on a foam 
cradle on top of a 51mm thick steel witness plate.  A grid board was placed behind the test article to capture any 
vertical deviation from shot line and to calculate velocity using high speed video.  Another grid board was placed 
above the test article which could be seen by the same high speed camera using a mirror placed at 45°. This grid 
board captured any deviation from left to right of the intended shot line.  A laser bore sight was used to position the 
test article to the desired aimpoint.  Once the test article was in position a string line was held taut from the gun 
barrel to the aimpoint providing a shot line reference for the high speed cameras.  The setup is depicted in Figure 2.  
The high speed cameras were a secondary means of verifying velocity.  The primary method was a bank of four 
Time of Arrival (TOA) break-switches spaced 300mm apart.  Additionally, three pressure transducers were 
positioned 3m, 6m and 9m behind the test article at 45° to provide data for assessment of reaction type. 
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Fig 2.  Typical test article setup and high speed images of fragment in relation to the shotline. 
 
It should be noted that two different shotlines were assessed throughout this effort.  The boat tail has a 1.5mm 
thickness of steel while the cylindrical section has a thickness of 6.5mm.  The STANAG stipulates the fragment 
should impact normal to the surface of the munition and pass through the longest path length of explosive.  While 
the cylindrical shot line has the longest path length, its presented area is much less than the boat tail and in order to 
ensure protection for the entire warhead, both shotlines were evaluated. 
2.1. PIMS Testing Results 
The first series of tests assessed homogeneous, composite and layered stacks of homogenous and composite 
materials.  Homogenous materials included ULTEM® 1000, Aluminum, steel and ceramic.  Composites included 
either glass or carbon graphite fiber encased with a PEEK matrix and oriented in uni-directional or 0/90 layup.  
Various configurations of the composite elements were tested.  As previously mentioned the approach for all PIMS 
configurations was to disrupt and distribute the shock front reducing what is transferred to the explosive.  Early test 
data made it apparent the boat tail shotline was going to be more difficult to obtain a Type V reaction than the 
cylindrical.  The first test series showed the cylindrical shotline would repeatedly pass with the addition of 3.5mm of 
graphite carbon fiber/PEEK composite on the exterior of the warhead case.  There was some misleading data that 
suggested the boat tail shotline would pass with either the 6.5mm of composite or 6mm ULTEM® PIMS.  However, 
this was attributed to the fragment velocity that was below the required 2440m/s due to sabot and gun barrel wear 
issues.   
Hydrocode modeling was conducted throughout the program and progressed with each test series.  The lack of 
material characteristic data for composites at high strain rates, specifically Hugoniot data, was problematic early on 
in accurately predicting shock mitigation.  Data from each test series fed the hydrocode models, which in turn 
guided the test configurations for the next series.  Additional information on the hydrocode modeling for this effort 
can be found in these proceedings [2]. 
Modeling based on the first two test series suggested adding 1.5mm of Aluminum to the MLC would aid in 
reducing the shock pressure to achieve a Type V response.  This prediction was true for the cylindrical shotline.   A 
configuration of 1.5mm Aluminum on the MLC and 1.25mm of graphite carbon fiber/PEEK composite on the 
warhead case results in a Type V response.  This prediction was not true for the boat tail shotline.  An alternate 
approach and additional analysis was needed.  Figure 3 shows the typical results from a Type I and Type V 
response.  Type I response results in the formation of the EFP which perforates the witness plate, while a Type V 
response results in a few large pieces from the ruptured case and the ejection and/or burning of some or all of the 
HE.  
 
 
Shotline Fragme
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(a)       (b) 
Fig 3.  (a) Typical type I reaction (b) Typical type V reaction  
2.2. Applique Testing Results 
The addition of applique on the outside of the MLC provides initial shock and fracture to the incoming fragment 
as well as reduces the velocity of the residual particles before impacting the PIMS liner.  A series of FI tests were 
conducted against several materials to determine which would be the optimal for use as applique.  With no threat of 
blast or fragment damage the high speed cameras were be brought in much closer to give higher resolution images 
which were used to measure the number of residual particles and their velocity.  Celotex bundles were placed behind 
the target plates in order to recover the residual particles and record their mass.   
The candidate materials selected were hardened steel, quasi-isotropic and 0/90 carbon fiber with 2 different resin 
systems 1472 and 3831, Silicon carbide and Ceramic Matrix Composite (CMC).  Figures 4, 5 and 6 show the high 
speed images of the Silicon carbide, hardened steel and CMC.  These materials had the greatest effect on fragment 
breakup and velocity reduction. 
 
Fig 4.  Fragment impacting 9mm of Silicon carbide 
Fig 5.  Fragment impacting 3mm of hardened steel 
 
Fig 6.  Fragment impacting 3mm of ceramic matrix composite 
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Out of these materials hardened steel was selected as the ideal applique material based mainly on cost and 
durability in operational conditions. The full data set can be seen in Table 1. 
 
Table 1.  Results of Applique Tests 
 
Configuration #Fragments Recovered 
Total Mass 
Recovered 
Projectile  
Mass %Recovery 
Average 
Frag Mass 
Entrance 
V Exit V Delta 
g g g m/s m/s m/s 
Quasi-isotropic 1472 5 4.75 18.515 25.7% 0.950 2541 1867 675 
0/90 1472 5 16.19 18.463 87.7% 3.238 1912 1757 155 
0/90 3831 5 16.39 18.509 88.6% 3.278 1894 1745 148 
Quasi-isotropic 3831 3 17.2 18.499 93.0% 5.733 1884 1788 95 
Quasi-isotropic 1472 3 17.6 18.477 95.3% 5.867 1891 1783 108 
Quasi-isotropic 1472 4 14.53 18.493 78.6% 3.633 1941 1725 215 
0/90 3831 3 11.3 18.499 61.1% 3.767 1873 1722 151 
Quasi-isotropic 3831 1 15.54 18.435 84.3% 15.540 1855 1732 123 
Silicon Carbide 26 13.14 18.524 70.9% 0.505 1971 1272 699 
3mm CMC 17 15.61 18.469 84.5% 0.918 1826 1567 259 
3mm Hardened Steel 17 11.55 18.491 62.5% 0.679 1950 1643 308 
9mm CMC 1 13.27 18.512 71.7% 13.270 1894 1656 238 
4.5mm Hardened Steel 16 12.49 18.46 67.7% 0.781 1981 1488 493 
 
2.3. Combined PIMS and Applique Testing Results 
The next two series of FI tests combined the lessons learned and down selection of materials from the PIMS and 
applique test series to optimize the design for IM performance as well as weight balance between the missile and the 
MLC.  Cost was a consideration of all materials tested, but weight was a more critical issue because the additional 
mass on the WSA had to be countered by ballast in the aft end of the missile.  
A comprehensive list of test configurations and results can be found in Appendix A.  The materials and 
thicknesses were adjusted for each test until two successive Type V reactions occurred for the cylindrical shotline 
and the boat tail shotline.   
The final configuration for the cylinder shotline consisted of 1.5mm of hardened steel on the MLC with 1.25mm 
of ULTEM® PIMS on the warhead case.  The boat tail shotline required 6mm of hardened steel on the MLC and 
6mm of carbon/PEEK composite with 1.5mm of steel on top of the PIMS.  A graphical interpretation of the PIMS 
and applique can be seen in Figure 7. 
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Fig 7.  Graphical interpretation of IM configuration  
3. Conclusion 
The challenge of providing IM solutions for legacy systems which contain explosives with greater than desired 
sensitivity is achievable with composites and conventional materials.  The data presented here would suggest 
composites offer an advantage over normal thermoplastics PIMS in reducing the IM response of munitions from FI 
stimuli.  The reason for this advantage is not fully understood and was not the intent of this effort. There is little data 
characterizing composite materials in this velocity regime, which made modeling and predictions difficult. The use 
of PIMS alone was not sufficient in this scenario to decrease the amount of energy to that which would mitigate a 
violent response.  The addition of high hard applique reduced the initial velocity, shocked and deformed the 
incoming fragment to a level in which the ULTEM® and composite PIMS were capable of impeding the shock 
transferred to the explosive from reaching its critical level.  The utilization of composite materials for this 
application is still in its infancy and requires further exploration. 
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Appendix A.  TOW 2B Test Data 
 
 
 
 
